The level of excitation in the brain is kept under control through inhibitory signals mainly exerted by GABA neurons. However, the molecular machinery that regulates the balance between excitation and inhibition (E/I) remains unclear. Candidate molecules implicated in this process are neuroligin (NL) adhesion molecules, which are differentially enriched at either excitatory or inhibitory contacts. In this study, we use transgenic mouse models expressing NL1 or NL2 to examine whether enhanced expression of specific NLs results in synaptic imbalance and altered neuronal excitability and animal behavior. Our analysis reveals several abnormalities selectively manifested in transgenic mice with enhanced expression of NL2 but not NL1. A small change in NL2 expression results in enlarged synaptic contact size and vesicle reserve pool in frontal cortex synapses and an overall reduction in the E/I ratio. The frequency of miniature inhibitory synaptic currents was also found to be increased in the frontal cortex of transgenic NL2 mice. These animals also manifested stereotyped jumping behavior, anxiety, impaired social interactions, and enhanced incidence of spike-wave discharges, as depicted by EEG analysis in freely moving animals. These findings may provide the neural basis for E/I imbalance and altered behavior associated with neurodevelopmental disorders.
Introduction
Synapse maturation is a critical step in the generation of the complex neuronal networks of the CNS (Waites et al., 2005) . Homeostatic control has been suggested to regulate neuronal function through synaptic efficacy, strength, and membrane excitability (Turrigiano and Nelson, 2004) . The importance of tight regulation of synapses can be gleaned from the number of disorders arising from alterations to synapses (Holmes and McCabe, 2001; Zoghbi, 2003) .
Neuroligin (NL) adhesion molecules and their presynaptic binding partners, neurexins (Nrxs), are involved in regulating excitatory and inhibitory synapse function. NL function at the synapse is modulated by alternative splicing and association with binding partners (Ichtchenko et al., 1995; Irie et al., 1997; Prange et al., 2004; Boucard et al., 2005; Chih et al., 2006; Graf et al., 2006) . Consistent with a fundamental role for NLs in synapse maturation, a reduction in presynaptic terminal content, but not number, has been observed in NL1-3 triple knock-out mice (Varoqueaux et al., 2006) .
NLs are enriched at either excitatory (NL1,3) or inhibitory (NL2) synapses (Song et al., 1999; Graf et al., 2004; Varoqueaux et al., 2004; Chih et al., 2005; Chubykin et al., 2007) . Despite their specific localization, in vitro studies indicate that NLs can induce both excitatory and inhibitory presynaptic specializations (Scheiffele et al., 2000; Graf et al., 2004; Prange et al., 2004; Chih et al., 2005; Gerrow et al., 2006) . The ability of NLs to regulate excitatory and inhibitory synapses led to the proposal that NLs may comprise the molecular machinery that maintains the ratio of excitation to inhibition (E/I ratio) (Cline, 2005; . Work on cultured neurons shows that abnormal targeting of NLs to particular synapse types alters the E/I ratio (Levinson and ElHusseini, 2005; . Analysis of acute slices from NL knock-out mice also demonstrated that specific NLs differentially affect excitatory and inhibitory synapse function (Chubykin et al., 2007) . These findings led to the question of whether altered expression of NLs could induce synaptic imbalance in vivo, leading to dysfunction of the CNS.
Materials and Methods
Generation and genotyping of transgenic mice. NL1 and NL2 transgenes were expressed under control of the Thy1 promoter for neuron-specific expression ( Fig. 1 A) . Germ-line transmission of the transgenes was detected using PCR (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). For details of mouse generation and genotyping, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Western blotting. Whole-brain lysates were prepared as described previously . Briefly, extracted tissues were homogenized in 3 ml/g HEPES buffer, and cell debris was removed by centrifugation at 16,000 ϫ g at 4°C for 1 h. Obtained supernatants were subjected to SDS-PAGE and analyzed by immunoblotting. Coomassie staining served to assess the protein loaded for each sample. For antibodies used, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Behavioral assessments. All assessments of behavior were conducted by experimenters and observers blinded to the genotype of the animal. Before testing, animals used for all behavior experiments were arranged into matched sets containing at least one wild type (WT) and at least one transgenic littermate that were housed together (minimum of three per cage). These matched sets originated from three to four litters from distinct parental mating pairs. Individuals within sets (including wild type and TgNL2) were tested in the same day, and additional sets were tested at approximately the same time of day, on a subsequent day if required. Preliminary screen. The preliminary screen were based on the modified SHIRPA protocol used by European Mouse Phenotyping Resource of Standardized Screens (EMPReSS) designed to evaluate the basic phenotype of transgenic mouse strains (Brown et al., 2005 (Brown et al., , 2006 . For details of the scoring and methods of the phenotype screen, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Open field behavior. The open field apparatus was based on that used in the EMPReSS resource (Brown et al., 2005 (Brown et al., , 2006 . Open field behavior of mice was assessed using the Noldus Ethovision Tracking system from video recordings taken from above. Results from tracking analysis were analyzed using ANOVA to compare means.
Assessment of anxiety-like behaviors. Protocols for both the light/dark exploration test and the elevated plus maze were based on those used by Holmes et al. (2002 Holmes et al. ( , 2003 . Video recordings of test sessions were digitized and manually assessed by a genotype-blinded observer to quantify number of transitions between the light and dark compartments, and the total time spent in the light and dark compartments (light-dark), or the number of entries (all four paws into an arm) and time spent in open and closed arms (elevated plus). For details of anxiety testing, see supplemental Methods (available at www.jneurosci.org as supplemental material). Mice expressing neuroligin 2 display a neurological phenotype related to levels of expression. A, Schematic diagram of HA-tagged NL1 and NL2 constructs in the Thy1.2 vector. B, Assessment of transgene expression level in TgNL1.6, TgNL1.7, and TgNL2.6 strains using immunoblotting for HA. Numbers in boxes show quantification of total protein load from Coomassie-stained gels. C, Confirmation of generated NL2 rabbit antibody specificity (ABR) on COS-7 cell lysates transfected with HA-NL1, HA-NL2, or HA-NL3 (left 3 lanes) and on whole-brain lysates from wild-type and TgNL2.6 mice (right 2 lanes). D, Western blotting analysis of whole-brain lysates of endogenous and HA-NL2 expression using NL2 and HA antibodies. E, Limb clasping in TgNL2 mice (right) not seen in wild-type littermates or TgNL1 mice. F, Table comparing the level of HA-NL2 across TgNL2 strains relative to endogenous NL2. The severity and frequency of limb clasping parallels the expression level of TgNL2 but not TgNL1 mice. Data shown are means Ϯ SEMs.
Social behavior assessments. The reciprocal social interaction paradigm was based on that used in previous studies (Tabuchi et al., 2007) and involved the introduction of a juvenile (6 weeks old) FVB male and either a wild-type or TgNL2.6 mouse into a neutral environment. Video recordings of 5 min interaction session were then manually scored by a blinded observer for interaction parameters of total time, average length, total number, and proportion of initiations.
Social approach behavior was assessed in an apparatus modeled after that used by Dr. J. Crawley's group Nadler et al., 2004) . Video recordings were assessed using the Noldus Ethovision Tracking system, and parameters, including time in zone, number of rears in zone, and speed traveled in zone, were compared. For more details on both the reciprocal social interaction and social approach behavior, see supplemental Methods (available at www.jneurosci.org as supplemental material).
In situ hybridization. In situ hybridization experiments were performed on postnatal day 28 (P28) mice as described previously (Wisden and Morris, 2002) . For details of in situ hybridization, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Immunohistochemistry. For histology and immunohistochemistry (IHC), animals were either transcardially perfused with a 4% solution of paraformaldehyde in PBS (nonfluorescent IHC) or brains were harvested fresh and flash frozen in OCT embedding medium in liquid nitrogen cooled isopentane (fluorescent synaptic protein IHC). Immunostaining and colocalization was quantified using Northern eclipse, and results were analyzed using t tests to compare means. For antibodies used and additional details, see supplemental Methods (available at www. jneurosci.org as supplemental material).
Electron microscopy. Tissue for electron microscopy was harvested fresh and cut using a vibratome in room temperature artificial CSF (ACSF), followed by rapid fixation in 6% glutaraldehyde, 1% paraformaldehyde, 2 mM CaCl 2 , and 4 mM MgCl 2 in 0.1 M cacodylate buffer. Results of synapse assessments were compared using ANOVA. For details of electron microscopy assessments, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Whole-cell patch-clamp recordings. Coronal slices of the frontal cortex (300 m) were prepared using routine methods as described previously (Wu et al., 2007) . For details of slice preparation and recording, see supplemental Methods (available at www.jneurosci.org as supplemental material).
In vivo electroencephalogram. Surgery was performed on 10 TgNL2 and five wild-type mice (12-21 weeks old) for electroencephalogram (EEG) studies. For details of EEG surgery, recording, and analysis, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Statistical methods. Results from experiments comparing wild-type controls with TgNL2.6 strains were analyzed by t tests to compare means. In the case of the social interaction test, in which t tests were applied to four measures, a Bonferroni's multiple testing correction was calculated by dividing the standard significance level (0.05) by the number of t tests used (four), resulting in a Bonferroni's corrected level of 0.0125. Experiments comparing wild-type, TgNL2.6, and TgNL2.7, or for the threechambered social interaction paradigm, results were analyzed using ANOVA. The least squares difference post hoc test was applied to significant ANOVA comparisons. All statistical analyses were calculated using SPSS software.
Results
Limb clasping reveals a neurological phenotype in mice expressing neuroligin 2 that is not observed in mice expressing neuroligin 1 We used a gain-of-function approach to examine whether manipulations of the levels of NLs in vivo influence synapse function leading to altered behavior. For these experiments, transgenic animals overexpressing NL1 (TgNL1) and NL2 (TgNL2) were generated ( Fig. 1 A, B) . The transgenes were under the control of Thy1 promoter, which allows for expression in various brain regions at early stages of development. To facilitate detection of the transgene, influenza hemagglutinin (HA) tags were inserted (between amino acids 45 and 46) immediately after the NL1 signal sequence. To compare transgene expression and localization with wild-type NL2, a specific antibody was generated. This antibody was tested for specificity on lysates from Cos cells expressing HA-NL1, HA-NL2, or HA-NL3 (Fig. 1C) . In addition, the antibody was tested in cultured hippocampal neurons for predominant colocalization with vesicular GABA transporter (VGAT) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material) and in tissue from TgNL2 mice for correspondence with HA-tagged transgene (supplemental Fig.  1C , available at www.jneurosci.org as supplemental material).
The generated TgNL1 and TgNL2 strains were viable; however, TgNL2 mice exhibited a striking and distinct phenotype. TgNL2 mice with moderate to high levels of expression ( Fig.  1 D, F ) showed reduced lifespan and capacity to produce viable offspring. One additional feature of the TgNL2 phenotype is limb clasping (Fig. 1 E) , a defect associated with mouse models of neurological disorders such as Rett syndrome (Gemelli et al., 2006) . This feature was not observed at comparable levels in TgNL1 strains with similar transgene expression ( Fig. 1 B) (1.25-to 1.71-fold TgNL2.6 HA expression).
Behavioral test battery demonstrates a consistent, dosedependent phenotype in mice expressing neuroligin 2 not observed in mice expressing neuroligin 1 The preliminary behavioral screen was conducted on all founders and strains generated based on the modified SHIRPA screen from the EMPReSS (Brown et al., 2005 (Brown et al., , 2006 . The preliminary screen revealed striking and consistent abnormalities among all TgNL2 strains generated that increased with level of expression (Table 1 , Ϫ indicates no difference from wild type). Animals with twofold or greater expression of NL2 (determined by Western blot; TgNL2.1, TgNL2.4, and TgNL2.5) showed the most striking phenotype with frequent limb clasping and death by 24 postnatal weeks, and these strains also failed to produce viable offspring. The primary strain has moderate expression level and phenotype (TgNL2.6; 1.6-fold wild-type NL2 expression) and has reproduced successfully over nine generations; thus, most of the analysis performed was on this strain. Whenever possible, results obtained from a higher expressing strain (TgNL2.7; 1.9-fold wildtype NL2) are included for comparison.
In general, TgNL2 mice are characterized by a reduction in body weight (supplemental Fig. 2 B-D, available at www. jneurosci.org as supplemental material), limb clasping ( Fig.  1 E, F ), Straub tail, transient episodes of kyphosis (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material), as well as enhanced basal activity and enhanced startle response to a 90 dB click (Table 1) . However, no overt changes were observed in autonomic indicators such as palpebral closure and piloerection (Table 1, Autonomic). In addition, somatosensory, visual, auditory, and olfactory systems were also found to be intact in TgNL2 mice using a battery of multiple tests (Table 1 , Sensory). Basic muscle and motor assessments in TgNL2 mice revealed normal body and limb tone, and intact righting reflex (Table 1, Muscle and motor). The drastic phenotypic changes observed on relatively small alterations in transgene expression (1.6-to 2-fold endogenous NL2), combined with the dose-dependent change in the severity of phenotype, indicates that the effects seen are not because of excessive protein overexpression in vivo. Moreover, the lack of these abnormalities in TgNL1 further suggests that the observed changes in TgNL2 mice have resulted from alterations attributable to specific manipulation of NL2 levels in vivo.
Expressed neuroligin 2 is distributed throughout the neuroaxis in neuronal cells and is predominantly localized to inhibitory synaptic contacts
To assess exogenous NL2 expression in detail, multiple approaches were used. Both immunohistochemistry and in situ hybridization revealed broad distribution of the HA-NL2 transcript and protein in TgNL2.6 ( Fig. 2 A-C) . Despite varied levels of expression between transgenic strains as revealed by Western blotting, the pattern of HA-NL2 staining was consistent. HA-NL2 was expressed throughout the neuroaxis, with high levels in the cortex and limbic structures, such as amygdala and hippocampus ( Fig. 2 B, C) . Staining of cortical cultures from TgNL2.6 confirmed that HA-positive (HA ϩ ) labeling was exclusive to neuronal cells [4Ј,6Ј-diamidino-2-phenylindole-positive, MAP-2-negative (MAP-2 Ϫ ), HA Ϫ ] and could be detected in large numbers of neurons (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). Similar to wildtype NL2, HA-NL2 predominantly colocalized with inhibitory (gephyrin) and to a lesser extent with excitatory (PSD-95) postsynaptic markers, demonstrating that exogenous HA-NL2 is not mislocalized (Fig. 2 D 
, E).

Enhancement of markers of presynaptic terminals in mice expressing neuroligin 2
Given the implication of NLs in modulation of the E/I ratio, we analyzed changes in the content of excitatory and inhibitory synapses in TgNL2 mice. Quantitative Western blotting analysis of forebrain lysates revealed significant changes in the amounts of VGAT, vesicular glutamate transporter (VGluT) and syntaxin but not in the expression of PSD-95 and gephyrin ( Fig. 3 A, B) , suggesting a change in the content of presynaptic but not postsynaptic elements of both excitatory and inhibitory synapses. Assessments of other NL family members revealed no change in NL1 but a significant decrease in NL3 expression levels in TgNL2 brain lysates (Fig. 3 A, B) . Interestingly, TgNL1 mice show opposing alterations in related protein expression levels, with a significant increase in both NL3 and PSD-95 (data not shown).
Immunostaining of frontal cortex sections from P28 TgNL2 mice showed altered VGAT and VGluT staining intensity (Fig. 3C, D) . Consistent with the enrichment of NL2 at the majority of GABAergic synapses, more robust increases were seen in the average integrated intensity (VGAT, 1.7-fold; VGLuT, 1.3-fold) of inhibitory contacts in the frontal cortex. The ratio of VGluT to VGAT staining intensity in the frontal cortex was significantly decreased in TgNL2 when compared with wild-type littermates ( Fig. 3E ) revealing a bias toward increased inhibition during in vivo expression of NL2.
EM analysis reveals changes in synapse morphology and an increase in inhibitory contacts in frontal cortex of mice expressing neuroligin 2 Ultrastructural EM analysis of medial prefrontal cortex (MPFC) of TgNL2.6 and TgNL2.7 brain demonstrated changes in the morphology of synaptic components (Fig. 4C ) and synapse density. Marked increases were observed in the number of vesicles in the reserve pool (Fig. 4 A, D) , as well as the area of symmetric (type II, typically inhibitory) presynaptic compartments (Fig.  4 A, E) and contact length of symmetric synapses (Fig. 4 A, F ) in TgNL2 mice. In addition, a small but significant change was observed in asymmetric (type I, typically excitatory) presynaptic compartment area (Fig. 4 B, E) . No change was observed in the average length of postsynaptic densities in TgNL2 mice (Fig.  4 B, D) .
Using unbiased stereological analysis, a modest increase in the total density of synapses, as well as the density of symmetrical synapses was observed in both TgNL2.6 and TgNL2.7 (Fig.  4G,H ) . No changes were seen in the total number of neurons in the frontal cortex (supplemental Fig. 3 A, B , available at www. 
Body position Ϫ Ϫ Ϫ 1 rare kyphosis 2 kyphosis 2 kyphosis 2 kyphosis 2 kyphosis 2 kyphosis Body tone and limb tone jneurosci.org as supplemental material). By dividing the density of asymmetric synapses by the density of symmetric synapses, we can estimate a shift in the E/I ratio toward inhibition in TgNL2 frontal cortex compared with littermate controls (Fig. 4 I) , supporting the finding of a decreased ratio of VGluT to VGAT immunostaining in TgNL2.6 frontal cortex. Together, these results suggest an effect of NL2 in vivo on the modulation of synapse morphology with primary effects on presynaptic terminals and, in particular, symmetric synapses. The small effects of NL2 on asymmetric presynaptic terminals are not surprising because endogenous NL2 can be found at ϳ20 -30% of excitatory synapses (Fig. 2 E) . Given the effects on symmetrical synapse density, it is also possible that changes observed in the morphology of asymmetrical terminals are a means of compensation. The greater degree of change observed in inhibitory versus excitatory synapses suggest that enhanced expression of NL2 results in an overall reduction in the E/I ratio, revealing that a small increase in NL2 expression results in alterations in synaptic balance in frontal cortex.
Altered synaptic transmission in prefrontal cortex of mice expressing neuroligin 2
Whole-cell patch-clamp recordings were performed in pyramidal neurons in layer II/III of wild-type and TgNL2.6 prefrontal cortex. Recording of spontaneous activity revealed that the frequency of miniature IPSCs (mIPSCs) is increased in TgNL2 mice compared with those in wild-type mice (Fig. 5 A, B) . However, the mIPSC amplitude was not altered in the prefrontal cortex of TgNL2 mice (Fig. 5 A, B) . In contrast to inhibitory currents, neither frequency (Fig. 5C,D) nor amplitude (Fig.  5C,D) of mEPSCs in TgNL2 mice were found to be significantly different from those in the prefrontal cortex of wild-type mice (Fig. 5A-C) . These results are consistent with the EM data suggesting a primary effect of NL2 expression on modulating inhibitory synapse function.
Altered neuroligin 2 expression leads to spontaneous stereotypies and anxiety behavior
To assess the behavior of TgNL2 mice in more detail, we next observed mice in the open field paradigm. When in the open field, TgNL2.6 mice display spontaneous jumping stereotypies in the corners of the arena (Fig. 6 A) (supplemental Video 1, available at www.jneurosci.org as supplemental material). Stereotyped patterns of behavior can be induced in animals by treatment with amphetamines and cocaine or by deprivation (Powell et al., 1999; Würbel, 2001 ) and have also been observed in mouse models of mental retardation such as the Down syndrome model Ts65Dn (Turner et al., 2001 ). Stereotyped jumping behav- Figure 2 . Neuroligin 2 transgene distribution and localization. A, In situ hybridization analysis of HA-containing transcript in TgNL2.6 (left) and of NL2-containing RNA in TgNL2.6 (middle) and WT (right). Scale bar, 3 mm. B, DAB immunohistochemistry for HA in sagittal sections from WT and TgNL2.6. Scale bar, 3 mm. C, HA DAB immunostaining in coronal sections through the frontal cortex (bregma, 2.71-2.22 mm) and hippocampus/amygdala (bregma, Ϫ1.28 to Ϫ1.64 mm) of TgNL2.6 brain. Scale bar, 1 mm. D, Confocal analysis of colocalization of HA-NL2 (green) and excitatory (PSD-95, red, top panel) and inhibitory (gephyrin, red, bottom panel) synaptic markers in the frontal cortex. Scale bar, 2 m. E, Quantification of excitatory (PSD-95; WT, 24.21 Ϯ 5.50%; TgNL2.6, 35.20 Ϯ 3.51%; t test, p ϭ 0.181) and inhibitory (gephyrin; WT, 73.60 Ϯ 5.86%; TgNL2.6, 61.91 Ϯ 5.38%; t test, p ϭ 0.176) marker colocalization with endogenous NL2 in wild-type frontal cortex compared with HA-NL2 in TgNL2.6 frontal cortex. Data shown are means Ϯ SEMs; WT and TgNL2.6, n ϭ 9. ns, Not significant. ior is typically preceded by rearing against the arena wall and is characterized by repeated jumping vertically on hindlegs and balancing on a rigid tail (supplemental Video 1, available at www. jneurosci.org as supplemental material) (Würbel and Stauffacher, 1996; Garner and Mason, 2002) . The jumping stereotypy was also observed when TgNL2.6 mice were in the home cage (in the presence of social and environmental enrichment); however, repetitive jumping was never observed in wild-type littermates (n ϭ 50). Not all TgNL2.6 mice showed stereotypies during open field observation, and it was found that 44% of TgNL2.6 males (n ϭ 50) show more than one episode of stereotypy during a 5 min open field exploration (Fig. 6 B) . TgNL2.6 mice showing stereotypies typically display high levels of this behavior, with an average of ϳ10 episodes over the 5 min period (Fig. 6 B) . TgNL2.6 mice displaying more than one episode of jumping stereotypy during a 5 min prescreening session in the open field were excluded from behavioral assessments of anxiety and social behavior to avoid possible confounds of this behavior (for details, see supplemental Methods, available at www.jneurosci.org as supplemental material) (Garner, 2005) . Other types of repeated behavior patterns were also monitored in the open field, such as digging and grooming, but the incidence of these types of behaviors was not significantly different from wild-type littermates (Fig. 6 A) . It has been shown that stereotyped patterns of behavior that result from drug sensitization can be blocked by antagonists or induced by agonists of the GABAergic system (Karler et al., 1995) ; thus, it is possible that this behavior arises as a result of the alterations in GABAergic transmission observed in the frontal cortex (Karler et al., 1997) 
During the open field test, we also observed indications of anxiety behavior in TgNL2 mice. Both TgNL2.6 and TgNL2.7 mice show thigmotaxis (Fig. 6C) , as demonstrated by a decrease in both average (supplemental Fig. 4 A, available at www. jneurosci.org as supplemental material) and cumulative (Fig.  6 D) distance from the arena border compared with wild-type mice. TgNL2 mice also show increased rearing frequency, which is further indicative of anxiety (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material). However, no changes were observed in average speed traveled while exploring the open field (data not shown; wild type, 4.75 cm/s; TgNL2.6, 6.07 cm/s; TgNL2.7, 6.18 cm/s; p ϭ 0.169) or total distance traveled in the open field (supplemental Fig. 4C , available at www. jneurosci.org as supplemental material), demonstrating that TgNL2 animals do not have motor impairments or lack exploratory motivation.
To confirm that the thigmotaxis observed in the open field Western blotting and immunohistochemical assessment of synaptic proteins in mice expressing neuroligin 2. A, Representative blots for synaptic proteins assayed in wild-type and TgNL2.6 mice. B, Quantification of Western blot normalized to total protein load from Coomassie-stained gels and compared with WT expression level. C, Confocal microscopy of VGluT (middle, green) and VGAT (right, red) staining in wild-type (top) and TgNL2.6 (bottom) MPFC. Scale bar, 5 m. D, Quantification of the average integrated intensity of VGluT (WT, 37.37 Ϯ 1.00; TgNL2.6, 48.29 Ϯ 3.29; t test, p ϭ 0.033) and VGAT (WT, 30.26 Ϯ 2.02; TgNL2.6, 49.76 Ϯ 1.53; t test, p Ͻ 0.001) puncta in MPFC. E, The ratio of excitation to inhibition as expressed by the ratio of VGluT intensity/VGAT intensity (WT, 1.28 Ϯ 0.09; TgNL2.6, 1.00 Ϯ 0.07; t test, p ϭ 0.028). Data shown are means Ϯ SEMs; WT and TgNL2.6, n ϭ 9.
was indicative of anxiety, we also compared the moderate expressing TgNL2.6 strain with wild-type littermates in the light-dark exploration test. Observation of TgNL2.6 mice in the light/dark test revealed an increase in the percentage of time spent in the dark compartment compared with wild-type littermates (Fig. 6 E) . However, no change was observed in the number of transitions between the light and dark compartments (supplemental Fig. 4 D, available at www.jneurosci.org as supplemental material), which is an additional measure of anxiety-like behavior in the light/dark test. It has been reported that the most consistent measure of anxiety using the light/dark test is the percentage of time spent in each compartment, and transitions have been suggested to be influenced by activity or exploration (Belzung et al., 1987; Hascoët and Bourin, 1998; Bourin and Hascoët, 2003) . Although it is unclear why TgNL2 mice display an anxiety-like phenotype on only one of the two measures for the light/dark task, it is possible that the high level of basal activity observed in TgNL2 may obscure detection of differences in the number of transitions.
To further confirm an anxiety-like phenotype, mice were also tested in the elevated plus maze. TgNL2.6 mice demonstrated a reduction in the percentage of time spent in the open arms (Fig.  6 F) , as well as in the percentage of entries made into open arms (Fig. 6 F) of the elevated plus maze compared with wild-type littermate controls. No difference was observed in the total number of entries (supplemental Fig. 4 E, available at www.jneurosci. org as supplemental material), supporting the idea that TgNL2.6 performance on this task is not limited by motor impairments or lack of exploratory motivation. Overall, these three assessments .05 Ϯ 7.78; TgNL2.6, 180.00 Ϯ 15.14; TgNL2.7, 139.96 Ϯ 10.35) and number of vesicles in the reserve pool (WT, 30.93 Ϯ 3.24; TgNL2.6, 51.87 Ϯ 6.37; TgNL2.7, 69.27 Ϯ 8.87; ANOVA, F (2,42) ϭ 8.52, p ϭ 0.001; post hoc tests, p ϭ 0.030 WT vs TgNL2.6, p Ͻ 0.001 WT vs TgNL2.7) and presynaptic compartment area (symmetric: WT, 501.54 Ϯ 71.79; TgNL2.6, 1020.11 Ϯ 131.01; TgNL2.7, 1436.04 Ϯ 157.72; ANOVA, F (2,65) ϭ 8.57, p Ͻ 0.001; post hoc tests, p ϭ 0.011 WT vs TgNL2.6, p Ͻ 0.001 WT vs TgNL2.7; asymmetric: WT, 572.95 Ϯ 44.52; TgNL2.6, 747.99 Ϯ 69.14; TgNL2.7, 934.83 Ϯ 145.27; ANOVA, F (2, 138) ϭ 4.75, p ϭ 0.010; post hoc tests, p ϭ 0.048 WT vs TgNL2.6, p ϭ 0.003 WT vs TgNL2.7) in wild-type, TgNL2.6, and TgNL2.7 MPFC. F, Analysis of the length of contact between symmetric presynaptic and postsynaptic compartments (WT, 254.34 Ϯ 32.46; TgNL2.6, 493.87 Ϯ 57.00; TgNL2.7, 465.59 Ϯ 66.36; ANOVA, F (2, 31) ϭ 4.03, p ϭ 0.028; post hoc tests, p ϭ 0.009 WT vs TgNL2.6, p ϭ 0.039 WT vs TgNL2.7) in wild-type, TgNL2.6, and TgNL2.7 symmetric synapses. G, H, Number of total (WT, 8.69 Ϯ 0.34; TgNL2.6, 10.42 Ϯ 0.34; TgNL2.7, 11.81 Ϯ 0.88; ANOVA, F (2, 45) ϭ 7.28, p ϭ 0.002; post hoc tests, p ϭ 0.040 WT vs TgNL2.6, p Ͻ 0.001 WT vs TgNL2.7), symmetric (WT, 7.30 Ϯ 0.35; TgNL2.6, 7.99 Ϯ 0.44; TgNL2.7, 8 .69 Ϯ 0.78; ANOVA, F (2,45) ϭ 1.58, p ϭ 0.219), and asymmetric (WT, 1.16 Ϯ 0.28; TgNL2.6, 2.32 Ϯ 0.28; TgNL2.7, 3.13 Ϯ 0.49; ANOVA, F (2,45) ϭ 7.55, p ϭ 0.002; post hoc tests, p ϭ 0.028 WT vs TgNL2.6, p Ͻ 0.001 WT vs TgNL2.7) synapses per 10 m 3 field of MPFC neuropil. I, The ratio of excitation to inhibition as expressed by the ratio of asymmetric: symmetric synapses (WT, 5.89 Ϯ 0.60; TgNL2.6, 4.14 Ϯ 0.53; TgNL2.7, 3.67 Ϯ 0.60; ANOVA, F (2,45) ϭ 4.09, p ϭ 0.024; post hoc tests, p ϭ 0.039 WT vs TgNL2.6, p ϭ 0.010 WT vs TgNL2.7). Data shown are means Ϯ SEMs. Synapse density: WT and TgNL2.6, n ϭ 4 mice, n ϭ 16 fields; TgNL2.7, n ϭ 3 mice, n ϭ 16 fields.
indicate an increase in anxiety-like behavior in mice expressing NL2 compared with their littermate controls.
Mice expressing neuroligin 2 display abnormalities in social behavior
To assess reciprocal social interactions of TgNL2 mice, male mice were placed into a neutral home cage with a novel juvenile target male of a different strain (FVB). The two animals were allowed to freely interact over the course of 5 min, and the number and duration of interactions were manually assessed from video recordings. A striking reduction in the total time of interaction with the novel target mouse was observed in TgNL2 mice when compared with wild-type littermates (Fig. 7A) . Although TgNL2.6 mice did not show a difference in the total number of interactions with novel juveniles (Fig. 7C) , the average duration of individual interactions was significantly reduced (Fig. 7B) . The lack of change in the total number of interactions is likely to result from increased initiation of interactions by the freely moving target mouse (Fig. 7D) .
To further assess social behavior and rule out a general defect in their interaction with novel stimuli, we assessed TgNL2.6 mice in a counterbalanced social approach apparatus based on the task developed by the laboratory of Dr. J. N. Crawley (Fig. 7E) Nadler et al., 2004) . In this three-chambered apparatus, wild-type mice show a strong preference for the chamber containing the novel mouse over either the center or counterbalanced novel object chamber. This effect can be seen in the total amount of time spent in the chamber with the novel mouse (Fig.  7F ). In contrast, TgNL2.6 mice do not show this preference, with no significant difference between the time spent in the novel mouse chamber compared with the novel object chamber. In addition, wild-type mice also display preference for the novel mouse chamber by the number of investigative rears made in this chamber (Fig. 7G) , indicating a high level of exploration of the novel mouse. In contrast, TgNL2.6 mice do not demonstrate preference for the novel mouse chamber over the novel object chamber in terms of high levels of rearing. This result of reduced social approach in the three-chambered apparatus, in conjunction with reduced reciprocal social interactions, demonstrates that TgNL2 animals are impaired in the natural preference for social interaction seen in wild-type mice.
Chronic EEG recording in freely moving neuroligin 2 transgenic mice reveals bilateral spike-wave discharges Synapse anomalies and behavioral observations prompted assessment of spike wave patterns via frontoparietal EEG recordings in TgNL2 mice. Neck electromyogram (EMG) was recorded to establish whether spiking occurred during different sleep and wake states. Eight of the 10 TgNL2 animals studied demonstrated brief bilateral bursting activity characterized by spike-wave discharge of ϳ6 -8Hz (Fig. 8 A, B) . The spike-wave episodes were brief, did not always occur with specific behaviors, and could be identified in both awake and sleep states (Fig. 8C) . The results indicate that even a mild increase in the expression of NL2 results in spiking activity. Despite the detection of spiking activity by EEG, TgNL2.6 mice did not exhibit any overt visible signs of seizure. The spiking activity observed by frontoparietal EEG may be attributable to desynchronized cortical activity patterns or as a result of spreading excitation from other brain regions.
Discussion
Our analysis reveals that manipulation of NL2 expression results in altered synapse morphology and function. Previous studies indicate that altered levels of individual NLs at particular synaptic sites modulate synapse maturation and neuronal excitability . Consistent with these findings, EM and electrophysiological analyses of frontal cortical areas in transgenic NL2 mice reveal an increase in the size and number of inhibitory synaptic contacts and enhanced frequency of presynaptic currents. Thus, the net result is potentiation of inhibitory responses in the frontal cortex, revealing a shift in the balance toward inhibition.
The observed phenotypic changes were attributable to small alteration in NL2 expression (1.6-to 2-fold above endogenous levels of NL2). These findings indicate that the effects seen are not attributable to excessive protein overexpression in vivo. Interestingly, the severity of behavioral changes correlates with the level of NL2 expression, suggesting dose-dependent changes in synapse function and behavior. The lack of related abnormalities in TgNL1 further suggest that the observed behavioral changes in TgNL2 mice resulted from alterations in synaptic maturation and/or function attributable to specific manipulation of NL2 levels in vivo. Importantly, neither TgNL1 nor TgNL2 strains display deficits in basic sensory, reflexive, or motor function using the modified SHIRPA screen, making them feasible candidates for additional behavioral characterization. Intact motor function and exploratory motivation was further confirmed in TgNL2 mice in open field, elevated plus, and social approach tasks in which no deficits were observed in control measures of speed, distance traveled, or total entries.
The differential enrichment of specific NLs to particular synaptic sites in vivo suggests that NL3 and NL4 mainly modulate excitatory synaptic function, whereas NL2 is associated with modulation of inhibitory synaptic transmission (Song et al., 1999; Dean et al., 2003; Prange et al., 2004; Varoqueaux et al., 2004 Varoqueaux et al., , 2006 Chubykin et al., 2005 Chubykin et al., , 2007 Sara et al., 2005; Dean and Dresbach, 2006) . In particular, loss of NL2 has been shown to specifically alter inhibitory synapse function in vivo. Consistent with these findings, our results show that enhanced expression of NL2 results in a significant increase in inhibitory synapse maturation and transmission in cortical areas. However, it is important to note that a small but significant change in excitatory synapse morphology was also observed in TgNL2 mice, indicating that NL2 expression can influence both excitatory and inhibitory contact maturation, although with pronounced effects on inhibitory contacts. These data suggest that NL2 function in vivo is not fully restricted to inhibitory synapse maturation. These findings also hint to some overlapping and redundant functions of members of the NL family in vivo. In support of some functional redundancy between NLs, knock-out of NL1-NL3 is lethal, whereas all of the single and double knock-out combinations are viable (Varoqueaux et al., 2006) . The finding that endogenous NL2 is found at ϳ20 -30% of excitatory synapses and the recent work that demonstrates that NLs can form heteroligomers (Budreck and Scheiffele, 2007) lend additional support to this notion.
The mechanism underlying the lack of change in inhibitory postsynaptic responses remains unclear. It is possible that recruitment of GABA receptors at inhibitory synapses is more constrained and consequently the presynaptic changes seen did not lead to an increase in recruitment of postsynaptic GABA receptors. This could be caused by enhanced levels of NL2, which can act to disperse GABA receptors and reduce inhibitory currents (Graf et al., 2004) .
The changes observed including limb clasping, repetitive behaviors, anxiety, and social dysfunction are similar to those observed in animal models of Rett syndrome (Chen et al., 2001; Guy et al., 2001; Shahbazian et al., 2002; Pelka et al., 2006) . Some of Figure 6 . Neuroligin 2-expressing mice display spontaneous jumping stereotypies and anxiety behavior. A, Graph plotting the incidence of stereotyped jumping (WT, 0; TgNL2.6, 5.58 Ϯ 2.53), digging (WT, 8.50 Ϯ 1.31; TgNL2.6, 10.75 Ϯ 2.63 ; t test, p ϭ 0.461), and grooming (WT, 3.63 Ϯ 0.78; TgNL2.6, 4.83 Ϯ 0.81; t test, p ϭ 0.318) behaviors in the open field (WT, n ϭ 7; TgNL2.6, n ϭ 8). Signifies that wild-type animals did not demonstrate this behavior, under any of the conditions examined. B, Table  showing the percentage of wild-type (0%) and TgNL2.6 (44%) mice showing stereotypies in a larger population (n ϭ 50) and, of these mice, the average number of stereotypies shown in a 5 min open field session. C, Representative paths of wild-type (left) and TgNL2 (right) mice in the open field arena. D, Assessment of the cumulative distance from the arena border (WT, 17, 965.74 Ϯ 379.79; TgNL2.6, 15, 088.26 Ϯ 709.59; TgNL2.7, 9784.31 Ϯ 570.32; ANOVA, F (2, 17) (WT, 38.86 Ϯ 1.39; TgNL2.6, 27.46 Ϯ 2.15 ; t test, p Ͻ 0.001) by wild-type and TgNL2.6 mice in the elevated plus maze. Data shown are means Ϯ SEMs. Open field: wild-type, n ϭ 7; TgNL2.6, n ϭ 8; TgNL2.7, n ϭ 2. Light/dark exploration test: wild-type and TgNL2.6, n ϭ 8. Elevated plus maze: wild-type and TgNL2.6, n ϭ 8.
these phenotypic characteristics also resemble aspects of human disorders, including Rett syndrome and autism (Hagberg, 2002; Rubenstein and Merzenich, 2003; Zoghbi, 2003; Dover and Le Couteur, 2007; Lewis et al., 2007) . Autism, a genetically linked disorder, is characterized by varying degrees of abnormality in communication ability, social interactions, repetitive and stereotyped behavior, as well as high incidence of seizure (Tuchman and Rapin, 2002; Rubenstein and Merzenich, 2003; Zoghbi, 2003; Christ et al., 2007; Dover and Le Couteur, 2007; Rutherford et al., 2007) .
Of particular interest, recent studies have shown rearrangement of chromosomal regions harboring NL1 and NL2, as well as mutations in NL3 and NL4 in families with autism (Konstantareas and Homatidis, 1999; Auranen et al., 2002; Jamain et al., 2003; Laumonnier et al., 2004; Lisé and El-Husseini, 2006) . A single-copy chromosomal deletion of a region containing ␣/␤-Nrxs indicates that altered amounts of these proteins is sufficient to confer the behavioral changes associated with autism (Szatmari et al., 2007) . In addition to single gene alterations, recent studies have shown that many autistic patients have novel deletions and duplications in their genomes (Sebat et al., 2007) .
Neuroimaging and postmortem studies of patients with autism suggest that an alteration in the ratio of E/I in neural circuits underlies the dysfunctions characteristic of autism (Rubenstein and Merzenich, 2003) . The theory proposed by Rubenstein and Merzenich suggests that the dysfunction in autism could result from a shift toward excitation, but, in mouse models of related disorders such as Rett syndrome (Dani et al., 2005) , the trend appears to favor inhibition. In addition, increased inhibition was observed in mice expressing an autism-related mutation of NL3, and this was shown to result in altered social interaction (Tabuchi et al., 2007) . In this regard, a gain of NL2 function may result in a shift toward increased inhibition, mimicking the reduced function of the mutant forms of NL3 or NL4 most commonly associated with autism. Thus, as also observed for models of Rett syndrome (Collins et al., 2004; Gemelli et al., 2006) , both reduced and enhanced expression of affected genes may model the underlying cause of neurodevelopmental disorders such as autism.
Several lines of evidence indicate multiple deficits in the structure and function of the brain in individuals with autism. In particular, there is strong evidence supporting that abnormalities in the frontal cortex and the amygdala contribute highly to deficits in social behavior and anxiety. In particular, previous studies have shown a link between increased excitation in the amygdala and anxiety (Davis et al., 1994) . Amygdala excitability can also be increased via disinhibition (decreasing inhibitory transmission from other brain regions). For instance, increased inhibition within the prefrontal cortex, which normally acts to inhibit the amygdala (Rosenkranz et al., 2003; Quirk and Gehlert, 2003; , can lead to increased excitation (disinhibition) in the amygdala and, hence, anxiety (Davis et al., 1994; Berkowitz et al., 2007; Bishop, 2007) . Changes in the morphology and density of inhibitory synapses and increases in mIPSC frequency in the frontal cortex observed in the present work may therefore disinhibit the amygdala and contribute, at least in part, to the enhanced anxiety in TgNL2 mice. In relation to altered frontal cortex-amygdala projections, our data may also shed light on a hypothesis that suggests that the dysfunction in autism may result from excessive and unselective connectivity in local frontal cortex circuitry, paired with impoverished long-range connectivity to other systems such as the amygdala (Courchesne and Pierce, 2005) . . Deficits in social interactions in mice expressing neuroligin 2. A, Assessment of the total time wild-type or TgNL2.6 mice spent interacting with a novel mouse (WT, 124.01 Ϯ 9.04; TgNL2.6, 54.29 Ϯ 6.69; t test, p ϭ 0.001) in a neutral arena over a 5 min period. B, Graph showing the average length of individual interactions between wild-type or TgNL2.6 mice and a novel mouse (WT, 6.68 Ϯ 0.84; TgNL2.6, 2.84 Ϯ 0.26; t test, p ϭ 0.004). C, No difference was observed in the total number of interactions (WT, 20.40 Ϯ 1.40; TgNL2.6, 19 .20 Ϯ 1.41; t test, p ϭ 0.527) between wild-type or TgNL2.6 mice and novel mice. D, Proportion of interactions initiated by either wild-type or TgNL2.6 mice with a novel mouse (WT, 52.80 Ϯ 1.67; TgNL2.6, 23.35 Ϯ 3.59; t test, p Ͻ 0.001). A-D, Bonferroni's corrected significance levels for multiple t tests used: 0.013, 0.003, and Ͻ0.001. E, Schematic of the three-chambered social behavior apparatus. F, Analysis of time spent (WT novel mouse, 654.78 Ϯ 81.10; WT novel object, 350.60 Ϯ 51.71; TgNL2.6 novel mouse, 406.32 Ϯ 31.78; TgNL2.6 novel object, 539.75 Ϯ 45.10; ANOVA, F (3,28) ϭ 6.077, p ϭ 0.003; post hoc tests, p ϭ 0.001 WT novel mouse vs WT novel object, p ϭ 0.100 TgNL2.6 novel mouse vs TgNL2.6 novel object) in the novel mouse and novel object chambers of the social apparatus. G, Frequency of rearing (active exploration) in the chambers of the social apparatus (WT novel mouse, 115.50 Ϯ 23.61; WT novel object, 59.50 Ϯ 7.84; TgNL2.6 novel mouse, 94.00 Ϯ 12.20; TgNL2.6 novel object, 89.50 Ϯ 8.44; ANOVA, F (3, 28) ϭ 2.54, p ϭ 0.077; post hoc tests, p ϭ 0.011 WT novel mouse vs WT novel object, p ϭ 0.828 TgNL2.6 novel mouse vs TgNL2.6 novel object). Data shown are means Ϯ SEMs. Reciprocal social interaction, wild type and TgNL2.6, n ϭ 10; three-chamber social approach behavior, wild type and TgNL2.6, n ϭ 8.
The incidence of frontoparietal seizure spiking, in light of increased prefrontal cortex inhibition, is particularly interesting because prevailing theories suggest that seizure activity results from hypersynchronous neuronal activity and is commonly associated with increased E/I ratios (Kofke et al., 1997; Stief et al., 2007) . However, recent reports have also shown that focal seizure activity can result from desynchronization of firing caused by increased inhibitory feedback (Netoff and Schiff, 2002; Mormann et al., 2003; Klaassen et al., 2006) . Thus, increased inhibition observed in frontal cortex of TgNL2 mice could underlie the cortical seizure spiking activity detected by freely moving EEG recording.
Clinically apparent seizures occur in ϳ30% of autistic individuals (Gillberg and Billstedt, 2000) , whereas 50 -70% of autistic individuals display ongoing "sharp-spike" activity during sleep (Lewine et al., 1999; Wheless et al., 2002) . The incidence of seizure spiking in TgNL2 mice may relate to cortical-limbic dysfunction discussed above in relation to autism, which is also implicated in temporal lobe epilepsy (Aroniadou-Anderjaska et al., 2007) . In keeping with the idea of frontal cortex inhibition leading to amygdala disinhibition in TgNL2 mice, altered neuronal excitability in the amygdala could generate spontaneous epileptiform activity, which will subsequently spread to the other brain areas (Aroniadou-Anderjaska et al., 2007) . Overall, the spiking activity observed may be directly attributable to alterations in cortical synchrony cause by increased inhibition or indirectly as a result of overexcitation in the amygdala spreading to the cortex. Future studies are needed to determine whether enhanced inhibition in the frontal cortex can be related to alterations in the excitability of the amygdala.
Our new findings combined with the link between mutations in NLs/Nrxs and autism may provide the neuronal basis for alterations in neuronal excitability, seizure spiking activity, stereotypies, anxiety, and impaired social interactions associated with autism (Konstantareas and Homatidis, 1999; Auranen et al., 2002; Jamain et al., 2003; Laumonnier et al., 2004; Lisé and El-Husseini, 2006; Szatmari et al., 2007) . In conclusion, we have discovered synapse and behavioral abnormalities in mice with altered expression of particular members of the NL family that recapitulate multiple aspects of behavioral changes associated with neurodevelopmental disorders such as Rett syndrome and autism. These include impaired social interactions, stereotyped patterns of behavior, and enhanced incidence of seizure spiking, as depicted by EEG analysis in freely moving animals. We also show that a small change in NL2 expression results in synaptic abnormalities in cortical networks, which are thought to underlie the complex behavioral alterations seen in autism. These findings may provide the neural basis for synaptic imbalance and altered behavior associated with autism. TgNL2 mice exhibit bilaterally synchronous bursting activity characterized by spike-wave discharge ϳ7 Hz. C, Spiking activity was observed in 8 of 10 TgNL2 mice tested and was detected in all stages of sleep but most consistently in wakefulness and rapid eye movement sleep. REM, Rapid eye movement; NREM, non-rapid eye movement.
